The more severe strains of the bacterial human pathogen Helicobacter pylori produce a type IV secretion system (cagT4SS) to inject the oncoprotein cytotoxin-associated gene A (CagA) into gastric cells. This syringe-like molecular apparatus is prolonged by an external pilus that exploits integrins as receptors to mediate the injection of CagA. The molecular determinants of the interaction of the cagT4SS pilus with the integrin ectodomain are still poorly understood. In this study, we have used surface plasmon resonance (SPR) to generate a comprehensive analysis of the proteinprotein interactions between purified CagA, CagL, CagI, CagY repeat domain II (CagY RRII ), CagY C-terminal domain (CagY
The more severe strains of the bacterial human pathogen Helicobacter pylori produce a type IV secretion system (cagT4SS) to inject the oncoprotein cytotoxin-associated gene A (CagA) into gastric cells. This syringe-like molecular apparatus is prolonged by an external pilus that exploits integrins as receptors to mediate the injection of CagA. The molecular determinants of the interaction of the cagT4SS pilus with the integrin ectodomain are still poorly understood. In this study, we have used surface plasmon resonance (SPR) to generate a comprehensive analysis of the proteinprotein interactions between purified CagA, CagL, CagI, CagY repeat domain II (CagY RRII ), CagY C-terminal domain (CagY B10 ) and integrin a5b1 ectodomain (a5b1 E ) or headpiece domain (a5b1 HP ). We found that CagI, CagA, CagL and CagY B10 but not CagY RRII were able to interact with a5b1 E with affinities similar to the one observed for a5b1 E interaction with its physiological ligand fibronectin. We further showed that integrin activation and its associated conformational change increased CagA, CagL and CagY B10 affinities for the receptor. Furthermore, CagI did not interact with integrin unless the receptor was in open conformation. CagI, CagA but not CagL and CagY B10 interacted with the a5b1 HP . Our SPR study also revealed novel interactions between CagA and CagL, CagA and CagY B10 , and CagA and CagI. Altogether, our data map the network of interactions between host-cell a5b1 integrin and the cagT4SS proteins and suggest that activation of the receptor promotes interactions with the secretion apparatus and possibly CagA injection.
Introduction
Type IV secretion systems (T4SSs) are bacterial molecular machineries that span both membranes and are prolonged outside the cell by a pilus. These apparatuses transport macromolecules across membranes, and many are found in bacterial pathogens, in which they are used to adhere and/or to translocate effectors into host cells to promote infection [1] . The genomes of the more severe strains of the human pathogen Helicobacter pylori contain the cytotoxin-associated gene (cag) pathogenicity island (cagPAI) that encodes for 28-30 proteins (reviewed in [2] ). These proteins assemble a T4SS (named the cagT4SS) required to deliver the CagA oncoprotein into the host cell [3] . After translocation, CagA is tyrosine phosphorylated by host Src kinases and hijacks the signalling system of the cell [4] . This leads to morphological changes in the cell and uncontrolled proliferation and provokes tumour development [5] .
The mechanism of injection of CagA by the cagT4SS is still poorly understood. The cagT4SS utilises integrin(s) as a host-cell receptor prior to substrate translocation (reviewed in [6] ). Integrins form a family of heterodimeric mammalian cell surface receptors consisting of a and b subunits. Each integrin has three domains: an extracellular, transmembrane and cytoplasmic domain [7] . The extracellular parts of a and b subunits assemble into an ectodomain formed by a 'headpiece' and a 'tailpiece' domain (Fig. 1A) . The b1 integrin family constitutes one of the largest subclass of integrins and is often associated with a5 integrin. Integrin is in equilibrium between low-and high-affinity states for ligands [8] . In the inactive (or resting) state, a5b1 adopts a bent-closed conformation [9] . Signals from the inside of the cell (inside-out signalling) can activate integrins, and the ectodomain undergoes a spectacular conformational change that results in an extended-closed conformation [7] . Further activation leads to headpiece opening to into the extended-open conformation that characterises a highaffinity state of the a5b1 receptor. The latter conformation is thought to be the most active for cell adhesion. Because of their ubiquitous distribution, b1 integrins are targeted by a large range of microbes that utilise them as receptors to promote adhesion, host-cell invasion or injection of virulence effectors [10] [11] [12] [13] . Several proteins of the cagT4SS were found to interact with integrins (reviewed in [6] ). The binding of the cag-pilus-associated CagL to the host-cell integrin activates the focal adhesion kinase (FAK) and Src tyrosine kinase, hereby activating CagA phosphorylation [14] . CagL contains the canonical integrin-binding motif arginine/glycine/aspartate (RGD), but there is no uniform agreement about the functional significance of this RGD motif in mediating binding of H. pylori to integrin [15] . Recombinantly expressed CagL functionally mimics fibronectin in its ability to induce focal adhesion formation in mouse fibroblasts and stimulate spreading of AGS cells [16] and mediates dissociation of ADAM17 from a5b1 [17] . It has been shown by surface plasmon resonance (SPR) that CagL has a higher affinity for the integrin than its RGD mutant CagL RGA . CagL was also found to interact with integrins aVb6, aVb3 and aVb8, but in an RGD-dependent manner [14, [18] [19] [20] . However, CagL and CagL RGA mutant can bind to aVb5 with a similar affinity, suggesting that the RGD motif is not always required for integrin binding [18] .
The effector protein CagA and the cagT4SS proteins CagY and CagI were also found to interact with b1 using yeast two-hybrid and co-immunoprecipitation assays [21] . CagY has been detected at the surface of pilus-like structure [22] , and CagI is also present at the surface of the bacteria [23] . CagI and CagL interact together [24] and together with CagH play a key role in cagT4SS pilus assembly [25] .
Mechanistically, the interaction of CagA with integrin is intriguing because it suggests that the protein could participate actively to its translocation [21, 26] . Along these lines, CagA is produced in large amounts, but relatively small amounts are injected into the cell, suggesting that it might have other functions in H. pylori [27] . The crystal structure of CagA N-terminal domain and the associated translocation competition experiments suggested that a single-layer beta sheet (SLB) domain of CagA is particularly important for the interaction with integrin [26] . In vivo studies also showed that integrin activation and clustering was involved in CagA injection by the cagT4SS [21] . Interestingly, locking integrin in its activated conformation on the AGS cells by targeted antibody blocked CagA translocation by H. pylori [21] . This suggests that structural changes of integrin are important for the translocation mechanism of the oncoprotein.
To better characterise the molecular interplay between integrin a5b1 and Cag proteins, we set out to purify all known and putative binding partners of the receptor and performed a comprehensive SPR study. We used a molecular system to manipulate integrin a5b1 conformation in order to determine whether the latter influences the interactions with Cag proteins. Our study provides a molecular mapping of the interactions involved in cagT4SS interplay with its receptor that enables the recruitment and clustering of integrins associated with CagA injection.
Results

Protein purification and characterisation
To purify integrin a5b1 ectodomain, we used two different constructs: one containing both the tailpiece and headpiece domains (a5b1 E , ectodomain) and another one containing only the headpiece (a5b1 HP , headpiece). The a5b1 proteins produced contain a His-tag and an ACID (a5)-BASE (b1) molecular 'clasp' as described previously in [28, 29] . As a consequence, the purified integrins are joined by this clasp at the C terminus, which simulate a coiled-coil formed by the membrane and cytoplasmic-tail domains. This clasp device allows for selective activation of the integrin by the tobacco etch virus (TEV) protease. The purified integrins adopt a conformation with tails joined together by the molecular clasp but with a headpiece domain in a closed state. A recent structural study on a similar construct showed that in this condition, a5b1 E adopts either a bent or extended, or a range of intermediate conformations with the headpiece closed [9] . When the clasp is removed by digesting the sample with the TEV protease, the tail domains are separated resulting in an opening of the headpiece and a complete extended conformation [29] (Fig. 1A) . To ascertain the conformational change between the two proteins samples, size-exclusion chromatography (SEC) coupled to small-angle X-ray scattering (SAXS) experiments was performed ( Table 1) . As shown in Fig. 1B , the structural change associated with TEV cleavage is important as the two heterocomplexes have different SAXS curves in solution. This structural change was also supported by significant change in the radius of gyration (R g ) calculated from the two samples that was estimated to be around 58 A and 62 A before and after TEV cleavage, respectively (Table 1) .
Cag proteins and/or domains were purified recombinantly to near homogeneity (Fig. 1) . CagA was purified as full-length or as fragments comprising residues 1 to 884 (CagA NTD ) or 303 to 456 (CagA SLB ) as previously described [26] (Fig. 1 ). CagI and CagL were expressed as full-length proteins without their predicted signal peptides (Fig. 2) . CagY is a multidomain protein of 250 kDa (strain 26695) containing two repeat regions, repeat region I (RRI) and II (CagY RRI and CagY RRII , respectively), and a C-terminal domain (CagY B10 ) having some sequence similarity with VirB10 from Agrobacterium tumefaciens (Fig. 3 ) [30] . The production of full-length CagY proved difficult, so we purified CagY RRII (residues: 464-1460, strain 26695) that was previously detected on the pilus [22] and CagY B10 (residues: 1542-1896, strain P12) possibly located at the outer membrane (OM) of the bacteria based on the structure of the Escherichia coli T4SS core complex [31] . The oligomeric states of purified CagL, CagI, CagY B10 and CagY RRII were investigated by SEC coupled to multi-angle light scattering (SEC-MALS), and the secondary structure properties were studied by CD. CagL secondary structure content corresponded well to the one derived from the crystal structure (Fig. 2) [32] . The protein was purified as a monomer, but presence of dimers was detected in SEC-MALS as previously suggested (Fig. 2) [32] . CagI was for the first time purified here, and CD indicated that the protein is predominantly helical (Fig. 2) . The protein was able to form different oligomers (trimers or higher) as determined by SEC-MALS. As shown in Fig. 3 , CagY B10 secondary structure content corresponded well to the predicted modified b-barrel based on crystal structure of its homologue ComB10 [33] . The CagY RRII contains almost exclusively a-helices as previously found by secondary structure predictions and CD analysis [30] . Both CagY B10 and CagY were monomeric in solution as shown by SEC-MALS (Fig. 3 ).
RRII
Integrin a5b1 ectodomain interactions with Cag proteins
We investigated the interactions between Cag proteins and integrin by performing SPR experiments. All experiments were performed in both directions, and specificity of binding was assessed using BSA and fibronectin as negative and positive control, respectively. No interactions were detected with BSA either immobilised or injected as control. We observed that when integrin ectodomain was immobilised, binding of Cag proteins or fibronectin was detected. Interactions generally were stronger with the open form of a5b1 E than with the closed form (Fig. 4) . However, several of these experiments could not be reproduced consistently. This was likely due to issues in regenerating the immobilised sensorchip and a possible heterogeneity in integrin conformation on the sensorchip surface.
Similar issues were observed using commercially available full-length integrin a5b1, a1b1 and aVb3 (data not shown). This suggests that immobilising the integrin was not the best strategy for studying these interactions. When Cag protein or fibronectin was immobilised, the binding experiments were reliable (Fig. 5) . The dissociation constant (K D ) values obtained are indicated in Table 2 . All proteins except CagY RRII and CagI could interact with integrin a5b1 E in the closed conformation. The signals obtained with CagA SLB were very low [< 5-9 resonance unit (RU); Fig. 5 ], and thus, the K D was not reliable. CagA, CagA NTD , CagY B10 and CagL interacted with integrin with affinities in the range of hundred nanomolar ( Table 2 ). These K D values were similar to the ones obtained with fibronectin (Table 2) . In previous SPR studies, CagL was found to interact with commercial full-length aVb5 with a K D of 200 nM [18] and a5b1 with a K D of 90 nM [14] , thus with affinities comparable to the values obtained here. In a previous study, we found that CagA interacted with full-length a5b1 with a much higher affinity (K D of 0.15 nM) [21] . Such differences could be due to the differences in the constructs used. It is possible that the commercial integrin adopts a conformation that has a higher affinity for CagA NTD binding or that CagA NTD binds to additional domains of integrin, that is the transmembrane domain (TM) and the cytoplasmic tail (CT). Alternatively, this difference might be due to glycosylation of the ectodomain of commercial a5b1 that was purified after extraction from human tissue.
When E and that activation of integrin significantly increases the affinities of the Cag proteins/integrin interaction. Furthermore, the results confirm that the C-terminal part of CagA is not required for CagA interaction and the SLB domain interacts directly with integrin as previously proposed [26] .
Interactions of a5b1 headpiece domain with Cag proteins
To better map the interacting site of integrin with the Cag proteins, we used a fragment of a5b1 that contains only the headpiece domain (a5b1 HP ). Cag proteins were immobilised, and headpiece fragments were injected on the CM5 sensorchips (Fig. 6 ). Under these conditions, we observed only an interaction of CagA and fibronectin with a5b1 HP closed. As shown in 
Protein interactions between Cag-pilusassociated proteins
CagA and CagL were detected at the tip of the cagT4SS pilus [14, 21] . It was previously found that CagI and CagL can interact in vivo [24] . Using a similar SPR set-up, we investigated the interactions between Cag proteins that interacted with integrins ( Fig. 4 and Table 4 ). As a standard, we used the chaperone CagF for which detailed interaction studies with CagA have been performed in vivo [34, 35] and in vitro [36] . In our conditions, CagF interacted with fulllength CagA with a K D of 51 nM (Fig. 7, Table 4 ), in agreement with previous isothermal titration calorimetry studies that found that CagF binds to CagA with a K D of 49 nM [36] . CagA interacted with CagY B10 in a similar affinity range than with CagF (K D of 47 nM) and with a lower affinity with CagL and CagI (K D of 213 and 224 nM, respectively; Table 4 ). The N-terminal domain of CagA was also found to interact with CagY B10 , CagL and CagI with higher affinity (K D of 76, 70 and 55 nM, respectively) than with CagF (K D of 183 nM). An interaction was also observed between CagI and CagL and between CagY B10 and CagL (Fig. 7) . However, the K D could not be reliably determined by our SPR experiments due to lack of binding saturation and low signal.
Discussion
The H. pylori cagT4SS is a molecular machine that uses integrin a5b1 as a receptor to inject the oncoprotein CagA into gastric epithelial cells. Four proteins of the cagT4SS were found to interact with the receptor: CagL, CagA, CagY and CagI [14, 21, 26] . The proteins CagL and CagA have been particularly well studied, and direct interactions have been measured with purified proteins. However, only few studies have been performed with purified CagY and CagI. Moreover, very little was known about the domain of the integrin a5b1 involved in these interactions and about the influence of integrin a5b1 conformation on the binding. Here, we have purified the proteins and investigated the protein-protein interaction between integrin a5b1 and the pilus-associated Cag proteins from H. pylori using SPR.
Our work demonstrates that CagA, CagL, CagY and CagI directly interact with integrin a5b1 ectodomain and hereby confirm previous studies [21] . Interestingly, we found that CagA and CagI bind to the headpiece domain of the receptor. Given that none of these proteins display a RGD motif, the binding to the headpiece by these two proteins involves a different motif. In the case of CagA, our data support that the SLB domain interacts directly with integrin headpiece, but other domains of CagA NTD might also participate. This is consistent with our previous proposal that the SLB is an integrin-binding motif [26] . CagI is likely to interact with integrin via a different mode than CagA, given that the protein is principally composed of ahelices as found by CD.
CagL was found to interact with the ectodomain of integrin but not with the headpiece domain. A large number of studies have shown that the CagL RGD motif was important for binding to integrins [14, 16, 19, 32, [37] [38] [39] . The structure of CagL has revealed that the RGD motif is part of an a-helix [32] and thus differs from the common RGD motifs that are usually found in extended loops [11] . However, it was proposed that at acidic pH, the conformation of the RGD-containing a-helix could change and become structurally available for integrin binding [38] . The crystal structure of this a5b1 headpiece domain revealed that the prototypical interaction of the RGDcontaining proteins occurs at a groove located at the interface between the b-propeller (a5 subunit) and bI domain (b1 subunit) [28] . In our condition, fibronectin could interact efficiently with the headpiece domain. Our results thus suggest that the RGD motif of CagL does not bind to a5b1 in a 'canonical' mode. We cannot rule out that in the SPR experiments, the structure of CagL is affected and that the conformation of the helical RGD motif is not appropriate. However, this is unlikely as the protein was able to efficiently interact with the a5b1 ectodomain. Beside the RGD, several CagL motifs were found to be involved in the interaction with integrins. These include TSPSA and TASLI motifs that were recently identified in CagL to be important for binding to a5b1 [37] . The RGDLXXL motif of CagL is potentially involved in the interaction with aVb6 [39] . This motif is found in TGF-b, a natural ligand of aVb6 and interacts with the bI domain of the b6 subunit (part of the headpiece). Our results point towards an interaction of CagL with the tailpiece of integrin a5b1 rather than with the headpiece. Thus, it is likely that CagL binds in different ways to a5b1 and aVb6. This would explain why the RGD motif was found not required for a5b1 binding in some studies [21] , but further work will be required to determine the structural basis of CagL binding to specific integrins. Along these lines, we found that the CagI and CagL proteins interact with different domains of a5b1, and thus, a complex containing CagL and CagI complex could interact with very high affinity to the entire ectodomain.
In our SPR experiments, the C-terminal part of CagY, that is the domain sharing homology with the VirB10 family of proteins, was found to interact with the integrin ectodomain. VirB10 and its homologues are essential components of T4SS composed of a flexible a-helical N-terminal domain and a C-terminal modified b-barrel [33, 40] . In the pKM101 T4SS assembly, TraF (VirB10 homologue) forms a large tetradecamer complex with TraO (VirB9) and TraN (VirB7) [31, 41] . Most of TraF b-barrel is located in the OM, and only the loop belonging to the so-called antennae is accessible to the surface of the bacteria [31] . In the cagT4SS, the core complex seems to be conserved with CagT (VirB7 homologue), CagX (VirB9 homologue) and CagY [42] , although the assembly is larger and involves more proteins than the pKM101 one [43] . The loop accessible at the surface might represent a good candidate for interaction with integrin, although no known integrin-interaction motif could be identified in the molecule. From a mechanistic point of view, the core complex seems to be always present in H. pylori cells, while the pilus production is induced by its contact with host cells [22, 43] . It is therefore possible that the interaction of CagY with integrin takes place, while the pilus is not yet assembled and that CagY is involved in the early steps of cagT4SS interactions with the host cell prior to engagement of the pilusassociated proteins CagL, CagI and CagA.
Our results also reveal that CagA interacts with CagL and CagI and with the VirB10 part of CagY. CagY also interacts with CagL, and CagL interacts with CagI. It is difficult to envision CagA as part of a multiprotein complex that would include CagL, CagI and CagY and then be subsequently delivered into the host cell. However, all these proteins have been detected at the surface of the bacteria, and thus, such complexes might exist at the surface or on the cagT4SS pilus [14, 21, 23] . That CagA can interact with other pilus proteins and with integrin and is also injected into the cell strongly suggests that different CagA molecules have different functions. Some might play a role during the assembly of the cagT4SS pilus/receptor complex, while others are effector molecules. Indeed, CagA is produced in large quantities, but very little is injected [27] . A pool of CagA might thus participate in the assembly of the translocation-competent pilus by assembling the pilus proteins around the receptor. Interestingly, CagA seems to be also important for the assembly of the cagT4SS core complex [43] . The interaction identified here between CagA and CagL could take place at the tip of pilus as they have both been detected there [14, 21] . The interaction between CagA and CagL and the C-terminal part of CagY might reflect interactions between these pilus-associated proteins and the OM translocation channel (CagY) prior to or during translocation of these proteins to the pilus. These novel interactions between Cag proteins should be further studied to determine their roles in the assembly and function of the cagT4SS.
We found that the extended-open conformation of a5b1 increases the affinities of the interactions with the cagT4SS proteins in a similar manner than with fibronectin [21] . It is particularly significant in the case of CagI, for which no interaction with integrin was detected unless the receptor was in its activated conformation, that is extended-open. This could be due to the oligomeric state of CagI (trimer or higher), which would sterically hinder binding to integrin. Opening of the head domain of a5b1 and/or separation of the a-leg and b-leg could thus allow the oligomer of CagI to bind to the integrin. Alternatively, integrin activation might also be a selective mechanism for CagI binding at a given moment. Interestingly, the extended-open conformation of a5b1, but not the extended-closed nor bent-closed, was found to be required for cell adhesion [9] . The higher affinity of the cagT4SS proteins for activated integrin could thus explain why integrin activation by Mn 2+ ions was found to promote injection of CagA by H. pylori in AGS cells [21] . Our work also reveals that not all the Cag-pilus-associated proteins seem to target the same domain of a5b1. CagA and CagI seem to bind to the head domain of a5b1, but not CagY and CagL. Thus, our work raises the possibility that some of these interactions might not be mutually exclusive and that a dynamic interaction network occurs at the pilusreceptor interface (Fig. 8) . Altogether, our study and the methods described here pave the way to understand the exploitation of integrin by H. pylori and possibly other bacterial pathogens.
Materials and methods
Overexpression and purification of proteins
Integrin a5b1
Two Chinese hamster ovary (CHO) lec 3.2.8.1 stable cell lines expressing two different constructs of a5b1 were used: one expressing the complete ectodomain, for example both the tailpiece and headpiece domains (a5b1 E ), and another one expressing only the headpiece (a5b1 HP ). These constructs have been described previously [28, 29, 44] . For production of the a5b1 E , the expression construct for the a5 subunit contained residues 1-954 followed by a 30-residue ACID-Cys peptide, and the construct for b1 contained residues 1-708 followed by a TEV protease cleavage site, a 30-residue BASE-Cys peptide and a His 6 -tag. For the a5b1 HP , similar constructs were used except that a5 encompassed only residues 1-623 and b1 residues 1-445. a5b1 E and a5b1 HP were purified using the same protocol.
Supernatant containing the integrins was submitted to ammonium sulphate precipitation at 50% to remove contaminants. After a 16 000 g centrifugation (20 min at 4°C), the supernatant was submitted to ammonium sulphate precipitation at 60% to collect integrins. The pellet obtained after centrifugation ( 
CagA
The cagA (strain P12) gene was inserted into the vector pETM30 (EMBL) between the NcoI and XhoI restriction sites. The sequence of cagA gene was mutated to remove the asparagine residues 880-885 (NNNNNN) by a single serine to reduce proteolysis occurring at this position during expression [45, 46] . The resulting CagA protein was therefore expressed in fusion with a N-terminal His 6 -GST-TEV-and a C-terminal STREP-tag. Escherichia coli BL21(DE3) strain carrying the plasmid was grown at 37°C in LB medium with kanamycin (50 gÁL À1 ), and protein expression was induced by 1 mM IPTG for 3 h at 30°C. Purification of CagA was performed as in [47] , and CagA NTD and CagA SLB were purified as previously described in [26] .
CagL
The sequence encoding for CagL residues 21 to 237 (strain 26695) was inserted into the pRSF-MBP vector, a modified pRSF-Duet1 vector (Novagen) expressing the proteins in fusion with a N- 
CagY
The DNA sequence corresponding to CagY B10 domain (residues 1542 to 1896, strain P12) was inserted into the pET51D vector (Invitrogen). BL21(DE3) cells carrying the expression vector were gown in LB with ampicillin (100 gÁL À1 ), and expression was induced for 16 h at 20°C
by the addition of 1 mM IPTG. Purification was performed on a HisTrap column (GE Healthcare) using the same protocol than CagA NTD . SEC on a Superdex S200 Increase 10/300 GL column (GE Healthcare) was performed in 20 mM Tris pH 8 and 200 mM NaCl. CagY repeat II region (CagY RRII , residues 464-1460, strain 26695) was inserted into the pGEX4T (GE Healthcare) vector in fusion with a N-terminal GST-tag cleavable by thrombin. BL21(DE3) cells harbouring the expression plasmid were grown into LB, and protein expression was induced for 16 h at 20°C. After cell lysis in PBS and centrifugation at 20 000 g, the supernatant was applied to a 5-mL GST column (Macherey-Nagel) and washed extensively with PBS. On-column GST-tag digestion was carried out during 4 h at 20°C by injecting thrombin (150 units) in 20 mM Tris pH 8.4, 150 mM NaCl and 2.5 mM CaCl 2 . The CagY RRII was eluted from the column using 20 mM Tris pH 7. The protein was then loaded onto a HiTrapSP HP column (GE Healthcare) and eluted using a linear gradient of buffer containing 20 mM Tris pH 7 and 1 M NaCl. SEC was performed on a Superdex 200 Increase 10/300 GL column in 20 mM Tris pH 7 and 100 mM NaCl.
Multi-angle laser light scattering (MALS)
Size-exclusion chromatography experiments coupled to multi-angle laser light scattering (MALS) and refractometry (RI) were performed on a Superdex S200 Increase 10/300 GL column (GE Healthcare) for CagY RRII , CagY B10 and
CagL and on a Superdex S200 Increase 5/150 GL column for CagI. Experiments were performed with size-exclusion buffer of the corresponding proteins. Twenty-five microlitres of proteins was injected at a concentration of 10 mgÁmL À1 . Online MALS detection was performed with a miniDAWN-TREOS detector (Wyatt Technology Corp., Santa Barbara, CA, USA) using a laser emitting at 690 nm and by refractive index measurement using an Optilab T-rEX system (Wyatt Technology Corp.). Weight-averaged molar masses (Mw) were calculated using the ASTRA software (Wyatt Technology Corp.).
CD
Chirascan CD Spectrometer (Applied Photophysics) was used to record all Far-UV CD spectra (190-260 nm). Measurements were carried out at 20°C in a 0.1-cm-pathlength quartz cuvette. Parameters were set as follows: wavelength range 190-260 nm, 0.2 nm increment, bandwidth 0.5 nm; scan speed, 50 nmÁmin À1 ; and response time, 1s. Spectra were corrected by subtracting buffer contributions and protein dilution factors before calculating the mean residue molar ellipticity. Spectra deconvolution was performed using DichroWeb server [48] and the Cdstr algorithm [49] .
Small-angle X-ray scattering
Small-angle X-ray scattering data were recorded on SWING beamline at Synchrotron SOLEIL (Gif sur Yvette, France). Twenty-five microlitres of sample in buffer (50 mM Tris/HCl buffer pH 7.4, 137 mM NaCl, 2.7 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 ) was injected into a Superdex S200 Increase 10/300 GL column using an Agilent© HPLC system cooled at 288 K and eluted directly into the SAXS flowthrough capillary cell at a flow rate of 0.2 mLÁmin
À1
. SAXS data were collected online throughout the whole elution time, with a frame duration of 2 s and a dead time between frames of 1 s. A first data set of 30 frames, collected before the void volume, was averaged to account for buffer scattering. A second data set was collected for the sample, from which the 10 frames corresponding to the top of the elution peak were averaged and used for data processing after baseline subtraction. Data were processed using the local application FOXTROT (http://www.synchrotron-soleil.fr/Recherche/LignesLumie re/SWING) and analysed using PRIMUS [50] .
Surface plasmon resonance
Measurements were performed using a Biacore T200 instrument (GE Healthcare). Proteins were covalently immobilised to the dextran matrix of a CM5 sensorchip via their primary amine groups. The carboxymethylated dextran
